Abstract-Humans often greet one another using a handshake, a common gesture of friendship. In the case of a human and a robot, the robot can smoothly begin to communicate and coexist with humans without feelings of aversion in humans; if it generates a handshake motion that is emotionally acceptable to humans. Thus, we have proposed a handshake request motion model and a handshake respond motion model to generate a handshake approaching motion prior to actually shaking hands with the human. In the handshake request motion model, the robot stretches its hand out to a human to request a handshake. In the handshake respond motion model, the robot responds a handshake when the human requests a handshake. The effectiveness of these models is demonstrated by experiments using a handshake robot system which is fabricated based on the average size of a human arm. Therefore, in this paper, we develop a small-size handshake robot system that uses the handshake request motion model and the handshake respond motion model to generate a handshake approaching motion with a human. The effectiveness of the robot system is demonstrated by sensory evaluation. Furthermore, a handshake motion between robots is realized by using two small-size handshake robot systems which are adopted these models.
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I. INTRODUCTION
Humans shake hands as a sign of greeting when they first meet to greet one another and display a feeling of rapport. A handshake is an embodied interaction that involves physical contact. For interactions involving a human and a robot, if the robot generates a handshake motion that is emotionally acceptable to humans, it will lessen any feeling of aversion that humans have when starting interactions with robots.
Handshake motions of robots have been discussed in previous papers [1] . These researchers have discussed the handshake motion after the hands were already in contact; however, the approaching motion prior to the handshake had not been investigated. This approaching motion prior to the handshake is important for the first embodied interaction to be successful. Therefore, we have proposed a handshake request motion model [2] and a handshake respond motion model [3] to generate a handshake approaching motion with humans. In the handshake request motion model, the robot stretches its hand out to a human to request a handshake. In the handshake respond motion model, the robot responds to a handshake when the human requests a handshake. The effectiveness of these models is demonstrated by experiments using a handshake robot system that is fabricated based on the average size of a human arm.
On the other hand, communication robots and interaction robots are required for home situations. These robots should make embodied interactions with humans to promote ease of communication with humans. These robots are small sized and have human-like bodies. It is important that not only human-sized robots but also small-sized robots achieve a natural handshake interaction with humans. However, research on handshakes between humans and robots has mostly been confined to human-size robots.
Therefore, in this paper, we develop a small-size handshake robot system that uses the handshake request motion model and the handshake respond motion model to generate a handshake approaching motion with a human. The effectiveness of these models and the robot system is demonstrated by sensory evaluation. Furthermore, a handshake motion between robots is realized by using two small-size handshake robot systems which are adopted these models. Then, a sensory evaluation is performed to demonstrate the effectiveness of these models for the generation of a handshake motion between robots.
II. HANDSHAKE REQUEST MOTION MODEL
We have already proposed a handshake request motion model based on the analysis of handshake motions between humans. The model generates the request motion that a robot stretches its hand out to a human to request a handshake.
When a robot approaches a human, it is necessary for the robot's hand to have an acceptable trajectory in which the velocity and acceleration change smoothly. On the other hand, the minimum jerk model [4] , which minimizes equation (1), can accurately reproduce the point-to-point motion of human hands. Here, (x, y) is the position of a human hand, and T f is the movement time. In this model, the acceleration has smooth changes, and the velocity pattern has a symmetrical bell-shaped profile, as shown in Fig.1 . Thus, it is expected that the preferred trajectory of the robot is generated using the minimum jerk model. 
Therefore, in the handshake request motion model, the handshake request motion of the robot is generated according to the minimum jerk model. In the minimum jerk model, the robot velocity V (t) is calculated from the maximum velocity V max and the movement time T f by equation (2) . The maximum velocity V max is calculated by equation (3) . Here, r 0 and r f are the initial and target positions, respectively. The velocity pattern of the minimum jerk model has a symmetrical bellshaped profile. Thus, it is difficult to adjust a peak position for the velocity pattern. Therefore, on the basis of the minimum jerk model, a bell-shaped velocity pattern is proposed in which the peak position can be adjusted.
The movement time, maximum velocity, and peak position of the targeted bell-shaped velocity pattern are denoted by T max , V max and P , respectively. P is the value of the peak position when T max is normalized to 100%. First, a minimum jerk model is generated (Fig.2) in which the movement time is 2 · T max · P , and the maximum velocity is V max . The maximum velocity V max is calculated by equation (4) . Second, a minimum jerk model in which the movement time is 2 · T max · (1 − P ), and the maximum velocity is V max is generated in the same manner. Finally, the first half of the sequence of the first minimum jerk model and the latter half of the sequence of the second minimum jerk model are combined to achieve the target bell-shaped velocity pattern. In this bellshaped velocity pattern, the position, velocity, and acceleration changes are smooth and the peak position is adjustable. Therefore, to produce a handshake request motion similar to that of humans, the rotational motions of the robot's elbow and shoulder are generated using this bell-shaped velocity pattern. 
III. HANDSHAKE RESPOND MOTION MODEL
We have already proposed a handshake respond motion model based on the analysis of handshake motions between humans. The model generates the response motion of a handshake when a human requests a handshake.
From the analysis of the handshake motion between humans, the requester motion and the respondent motion are identical. Therefore, in this model, the motion of the respondent is generated by imitating the motion of the requester. However, the delay time that is observed in the analysis of the handshake motion between humans cannot be generated by a simple imitation. To generate the delay time, the motion of the respondent is generated based on the motion of the requester by using a transfer function of the second-order lag element and the dead time element as shown in Fig.3 . Equation (5) shows the transfer function of the second-order lag element and the dead time element. The parameters ω, ζ, and τ show the undamped natural frequency, damping ratio, and dead time, respectively. The damping ratio ζ is determined to be 1.0 for critical damping. To generate a handshake request motion similar to that of humans, the motions of the respondent are approximated based on the motions of the requester by using the second-order lag element and the dead time element. From approximation results, humans are separated two groups which are the second-order lag element ω=15 and the second-order lag element ω=15 with the dead time element τ =0.1. 
From our previous evaluation of the handshake respond motion model using a human-size handshake robot, the secondorder lag element ω=15 without the dead time is rated as the best for cases without voice greeting. When a voice greeting accompanies the handshake, the handshake respond motion model having the second-order lag element ω=15 with the dead time τ =0.1 is preferred.
IV. SMALL-SIZE HANDSHAKE ROBOT SYSTEM Fig.4 shows the small-size handshake robot system. The robot arm was designed and fabricated such that its size was 1/4th that of a human arm. The robot has two arms. Each arm has four degrees of freedom: two axes of the shoulder, elbow, and wrist. The coordinate system of the robot is shown in Fig.4 . The origin of the coordinates is the center of the right shoulder of the robot. The handshake motion is generated by the right arm. The voice greeting of the robot is uttered by the speaker.
The standing position of a human is measured by a laser range finder. Furthermore, the position of the human hand is measured by the hand position recognition method which is proposed in our previous research [6] . This method involves a combination of an image processing using two cameras and a 3D model of a human arm. The cameras that have three degrees of freedom are installed on top of the smallsize handshake robot. In this method, the shapes of the human hands in the input image of cameras are forecasted by using the 3D model of a human arm. Based on the forecasted shape of the human hand, the position of the human hand is recognized by the stereo method. The desired position of the robot is calculated from the measured position of the human hand. The angle of each joint is determined from the desired positions through inverse kinematics. The sampling time of the robot is fixed at 5 ms, so it can follow the desired trajectory accurately.
The initial position of the robot has several degrees of freedom, so the wrist can be moved up by 10 mm from the downward extension of the upper limb and forearm. The hand angle is adjusted to correspond to the angle of the forearm.
V. EXPERIMENT OF HANDSHAKE REQUEST MOTION MODEL
An experiment was performed to demonstrate the effectiveness of the handshake request motion model for a smallsize handshake robot system. In the handshake request motion model, the robot begins moving before the human. It has been found human emotions are affected by the time gap between the beginning of the hand motion and the corresponding voice greeting. Thus, an experiment was performed to determine the time gap preferred by humans. Fig.5 shows the experimental scene.
A. Experimental method
Our previous research on handshakes between humans has shown that most humans begin the voice greeting and the hand motion simultaneously [2] . On the other hand, a robot's communicative action accompanied by a voice greeting has been discussed [7] . In this research, it is found that humans prefer it when the voice greeting begins 0.3 s before the communicative actions. Therefore, three modes are used in the experiment. In mode (a), the voice greeting begins 0.3 s before the hand motion. In mode (b), the voice greeting and hand motion begin at the same time. In mode (c), the voice greeting begins 0.3 s after the hand motion. A paired comparison was first carried out. Subsequently, a seven-point bipolar rating was carried out. The paired comparison was performed for all six pairs of combinations. The seven-point bipolar rating with a scale from -3 (not at all) to 3 (extremely) was determined for the following four items: "Handshake motion," "Security," "Politeness," and "Vitality." The subjects used the modes randomly. The subjects were 30 healthy students aged between 20 and 24 years.
B. Experimental results

1) Paired comparison:
The result of the paired comparison is shown in Table I . The table shows the number of subjects that preferred the column mode to the row mode. Table I indicates that mode (b) was preferred by the largest number of subjects. Furthermore, the Bradley-Terry model [8] was fitted to the results to analyze the results quantitatively by using equation (6) .
π i is the intensity of the preference for model i. P ij is the probability of the judgment that i is better than j.
Using this model, the results of the paired comparison were expressed by the intensity of preference π, as shown in Fig.6 . The suitability of the model was validated by the goodness-offit and likelihood ratio tests. The figure indicates that mode (b) was rated as the best mode. However, there was no difference between the evaluation of mode (b) and mode (a). 
2) Seven-point bipolar rating:
The results of the sevenpoint bipolar rating are shown in Fig.7 . Modes (a) and (b) were evaluated as better than mode (c) with a significant difference of 5% in the "Security" item. The significant differences between mode (a) and (b) were not seen in all items. This result agrees with the result of the Bradley-Terry model.
From the results, modes (a) and (b) were found to be the preferred mode. Furthermore, in the seven-point bipolar rating, all items of modes (a) and (b) were evaluated as positive. Therefore, it is clarified that the proposed handshake request motion model can enable the small-size handshake robot to smoothly stretch its hand out to humans to request a handshake without eliciting feelings of aversion in them. Thus, it is confirmed that the handshake request motion model can generate handshake request motions that are acceptable to humans regardless of a robot's size. The effectiveness of the handshake request motion model and the small-size handshake robot system which is adopted the model is demonstrated.
Most humans begin the voice greeting and the hand motion simultaneously. However, humans prefer that the voice greeting begins earlier than the hand motion in the sensory evaluation using the human-size handshake robot system. For handshake motions with a human-size robot, humans tend to draw attention to themselves by uttering the voice greeting before beginning the hand motion. However, in the case of a small-size handshake robot system, humans do not draw attention to themselves because the robot's size is small. Therefore, humans also prefer that the handshake motion and the voice greeting begin at the same time as in the case of a handshake between humans.
VI. EXPERIMENT OF HANDSHAKE RESPOND MOTION MODEL
An experiment was performed to demonstrate the effectiveness of the handshake respond motion model for a small-size handshake robot system. In the experiment, the handshake respond motion preferred by humans is determined.
A. Experimental method
In this experiment, the small-size handshake robot generates a handshake respond motion along with a voice greeting. Based on the analysis of the handshake motions between humans and the results of the experiment between a human and a human-size handshake robot, three modes are considered in the experiment. In the three modes, the undamped natural frequency ω and the dead time τ are changed. Mode (a) is the second-order lag element ω=15. Mode (b) is the secondorder lag element ω=15 with the dead time element τ =0.1. Mode (c) is the second-order lag element ω=7.5. Mode (a) was found to have the highest sensory evaluation for a human-size handshake robot system in the case of handshakes without a voice greeting. In the case of handshakes with a voice greeting, mode (b) was found to have the highest value. The velocity profile of mode (b) was approximated to the velocity profile of mode (c) when using only the second-order lag element.
A paired comparison was first carried out. Subsequently, a seven-point bipolar rating was carried out. The paired comparison was performed for all six pairs of combinations. The seven-point bipolar rating with a scale from -3 (not at all) to 3 (extremely) was determined for the following four items: "Handshake motion," "Security," "Politeness," and "Vitality." The subjects used the modes randomly. The subjects were 30 healthy students aged between 20 and 24 years.
B. Experimental result 1) Paired comparison:
The result of the paired comparison is shown in Table II . Furthermore, the Bradley-Terry model was fitted to the results. The result of the Bradley-Terry model is shown in Fig.8 . The suitability of the model was validated by the goodness-of-fit test and likelihood ratio test. The figure indicates that mode (b) is the most preferred mode. 
2) Seven-point bipolar rating:
The results of the sevenpoint bipolar rating are shown in Fig.9 . Modes (a) and (b) were evaluated as better than mode (c) with a significant difference of 5% in the "Velocity" item. In the "Security" item, mode (b) was evaluated as better than mode (a) with a significant difference of 5%. Therefore, mode (b) is evaluated to be the best. This result agrees with the result of the BradleyTerry model. Furthermore, in the seven-point bipolar rating, all items of mode (b) were evaluated as positive. Therefore, it is clarified that the small-size handshake robot system can generate a handshake respond motion without eliciting feelings of aversion in humans using the handshake respond motion model, when humans request handshake to the robot.
The results show that humans prefer the handshake respond motion having a delay time. This is generated by the secondorder lag element and the dead time element in the case of a handshake with a voice greeting between a human and the small-size handshake robot system. The result agrees with the result of the experiment using human-size handshake robot system. Therefore, it is confirmed that the handshake respond motion model can generate handshake request motions that are acceptable to humans regardless of a robot's size. The effectiveness of the handshake respond motion model and the small-size handshake robot system which is adopted the model is demonstrated.
VII. EXPERIMENT FOR A HANDSHAKE BETWEEN ROBOTS
A robot stretches its hand out to an other robot to request a handshake by using the handshake request motion model. Then, the other robot moves its hand according to this motion by using the handshake respond motion model. As a result, the handshake motion between robots is realized. Therefore, an experiment was performed to demonstrate the effectiveness of the handshake request motion model and the handshake respond motion model for the generation of the handshake motion between robots.
A. Experimental method
A handshake motion between robots was generated using two small-size handshake robot systems. Each robot system comprises a small-size handshake robot, a computer, and a magnetic sensor (FASTRAK) as shown in Fig.10 .
The two small-size handshake robots are the same size, and they correspond to the robots used in the above experiments. The distance between the robots is 250 mm. These robots utter a voice greeting using speakers. Each robot measures the hand position of the other robot using magnetic sensors, and its movement is generated on the basis of the measured hand position. Therefore, these robots generate a handshake motion between robots without depending on each other.
In the experiment, two small-size handshake robots generate a handshake motion with a voice greeting, and subjects observed the generated motions. Then, the seven-point bipolar rating with a scale from -3 (not at all) to 3 (extremely) was evaluated for the following five items: "Looks like handshake," "Comfort," "Security," "Politeness," and "Vitality." The subjects were 30 healthy students aged between 20 and 24 years. 
B. Experimental result
The results of the seven-point bipolar rating are shown in Fig.11 . From this figure, all items were evaluated as positive. In particular, the "Looks like handshake" item was given the highest value. These results prove that the handshake motion between robots can be generated by using the handshake request motion model and the handshake respond motion model. The generated motion is understood to be a handshake by humans. Therefore, the effectiveness of these models for the generation of a handshake motion between robots is demonstrated. 
VIII. CONCLUSIONS
In this paper, we developed a small-size handshake robot system which is adopted the handshake request motion model and the handshake respond motion model for the generation of a handshake approaching motion with humans. The effectiveness of the developed small-size handshake robot system was demonstrated by sensory evaluation. Furthermore, a handshake motion between robots was realized by using two small-size handshake robot systems which are adopted these models. Then, the effectiveness of these models for the generation of a handshake motion between robots was demonstrated by a sensory evaluation.
The characteristics of the experimental results are as follows.
• In the handshake request motion using human-sized handshake robots, humans tend to draw attention to themselves by uttering the voice greeting before beginning the hand motion. However, in the case of a small-size handshake robot system, humans do not draw attention to themselves because the robot's size is small. Therefore, humans also prefer that the handshake motion and the voice greeting begin at the same time as in the case of a handshake between humans.
• In the handshake respond motion, humans prefer the handshake respond motion with the delay time, which is generated by the second-order lag element and the dead time element in the handshake between a human and the small-size handshake robot system. The result agrees with the result of the experiment using a humansize handshake robot system. Therefore, it is confirmed that the handshake respond motion model can generate handshake request motions that are acceptable to humans regardless of a robot's size.
• Using the two small-size handshake robot systems, the handshake motion with a voice greeting between robots can be generated by the handshake request motion model and the handshake respond motion model. Furthermore, humans feel that the generated motion is actually a handshake. Therefore, the effectiveness of these models for the generation of a handshake motion between robots is demonstrated.
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